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ABSTRACT 

Vaporization  studies  have  been  carried  out  by  mass  loss  Knudsen  effusion  on 
the  Ni-P  and  Cr-P  systems  and  by  Knudsen  effusion  mass  spectrometry  on  the  V- 
I  Si,  Cr-Si  and  Ti-Si  systems.  The  experimental  data  were  used  to  calculate 

[  enthalpies  of  formation  of  the  intermediate  phases  in  these  systems.  The 

stabilities  of  the  1:1  compounds,  expressed  as  enthalpies  of  atomization,  have 

» 

■  been  compared  with  each  other  and  with  data  on  silicides,  phosphides,  and 

sulfides  from  the  literature  to  assess  factors  for  inclusion  in  a  phenomeno¬ 
logical  model  for  stability.  These  factors  include  a)  the  number  and  type  of 
bonding  electrons,  b)  effective  nuclear  charges,  c)  valence  state  energies,  d) 
the  degree  of  partial  electron  transfer  with  a  resulting  Madelung  energy,  and 
e)  contributions  from  Lewis  acid-base  interactions  involving  back-donation  of 
f  electrons. 


IMTRODUCTIO* 


Models  serve  two  related  functions  in  physical  science:  development  of 
fundamental  insight  and  prediction  of  properties  of  interest.  The  ultimate 
goal  in  developing  a  model  is  that  both  of  these  will  be  served  in  the  highest 
degree  possible.  For  small  systems,  theorists  have  been  able  to  obtain  results 
which  give  both  deep  physical  insight  and  calculated  values  of  observable 
quantities  which  are  as  accurate  as  the  best  measured  values.  Even  for  these 
systems,  however,  the  time  investment  is  significant,  and  the  approach  is 
generally  not  feasible  for  those  who  are  primarily  experimentalists.  For  more 
complicated  systems  such  as  solid  compounds,  the  problem  of  constructing 
models  giving  both  deep  insight  and  accurate  results  is  even  more  formidable. 
Most  theories  of  solids  have  been  "tuned”  to  a  particular  set  of  observables 
of  interest  by  means  of  adjustable  parameters.  One  of  the  least  satisfactorily 
treated  properties  of  solids  is  cohesive  energy.  There  i3  a  need  for  models 
which  may  be  used  by  experimental ists  for  purposes  of  Interpreting  data, 
predicting  properties  of  interest,  and  providing  a  framework  for  choosing 
systems  and  properties  for  investigation.  Such  a  model  should  satisfy  a  number 
of  criteria:  a)  it  should  be  straightforwar d  in  its  application,  b)  it  should 
be  predictive  to  an  acceptable  level  of  accuracy,  c)  its  terminology  shoul  i  be 
appropriate  for  bond  type,  d)  it  should  be  consistent  with  the  entire  range  of 
experimental  results  (not  only  those  being  calculated),  and  e)  the  physics 
invoked  should  be  properly  applied. 

The  original  proposal  for  this  project  envisioned  the  development  of  a 
phenomenological  model  for  cohesive  energies(expressed  as  enthalpies  of  atom¬ 
ization)  of  compounds  of  the  transition  metals  with  p-bloek  elements  based  m: 
a)  the  binding  energy  per  binding  electron  in  the  valence  state  as  a  furi't.or. 
of  atomic  number,  b)  a  Made  lung  energy  based  on  partial  ■'■h.,rges  i-riv-i  <m 


5 


the  principle  of  electronegativity  equivalence,  and  c)  Lewis  acid-base  inter¬ 
actions  between  atoms  rich  in  valence  electrons  and  those  which  are  poor.  The 
development  of  the  model  was  to  be  accompanied  by  an  experimental  program 
which  would  examine  its  critical  features.  Enthalpies  of  atomization  were  to 
be  derived  from  the  results  of  experiments  employing  the  techniques  of  a) 
mass-loss  Knudsen  effusion  (MLKE),  b)  Knudsen  cel  1-spectrometry  (KCMS),  and  c) 
high  temperature  solid-state  galvanic  cells.  The  systems  chosen  for  study 
were:  Cr-Si,  V-Si,  Cr-P,  and  V-P. 

This  report  describes  results  of  MLKE  studies  on  both  the  Ni-P  system, 
which  were  obtained  earlier  (2)  (prepared  for  publication  a3  a  part  of  the 
project)  and  for  the  Cr-P  system,  as  well  as  results  of  studies  by  KCMS  on  the 
V-Si,  Cr-Si,  and  Ti-Si  (prel iminary )  systems.  The  V-Si  and  Cr-Si  studies 
included  extended  vacuum  evaporation  experiments  which  were  directed  to 
questions  of  congruent  vaporization.  Finally,  there  is  a  discussion  of  the 
current  understanding  of  the  factors  affecting  stabilities  of  the  target 
compounds. 

EXPERIMENTAL  PROCEDURES 
Preparation  and  Characterization  of  Samples 

Phosphide  samples  were  prepared  by  direct  combination  of  weighed  amounts 
of  the  elements  in  evacuated  and  sealed  "Vycor"  glass  ampoules;  the  procedures 
and  precautions  employed  have  been  described  elsewhere  (1).  Silicide  samples 
were  synthesized  by  arc  melting  weighed  mixtures  of  the  elements  under  an 
argon  atmosphere.  Phase  analysis  was  performed  by  Debye-Scherr er  X-ray  powder 
diffraction.  Observed  powder  patterns  were  compared  with  patterns  calculated 
by  computer  from  published  structural  data.  Diffraction  patterns  were  tu«-*n 
of  both  as-prepared  samples  and  residues  from  various  experiments.  Selected 


silicide  samples  were  analyzed  for  the  metal  by  oxidation-reduct  ion  titrations 
and  for  silicon  by  means  of  the  inductively  coupled  plasma  (ICP)  technique. 
Details  are  given  in  published  papers  G,1*)- 

Mass-Loss  Knudsen  Effusion 

The  vaporization  behavior  of  the  transition  metal  phosphides  was  studied 
by  MLKE.  The  apparatus  has  been  described  in  earlier  publications  from  this 
laboratory  (1,5).  It  consists  of  a  vacuum  system,  an  induction  heater,  and  a 
recording  vacuum  balance.  For  the  experiments  on  the  Cr-P  system,  the 
apparatus  was  fitted  with  an  eddy  current  concentrator,  and  the  temperatures 
were  measured  by  means  of  a  tungsten,  25 %  rhenium-tungsten,  2%  rhenium  thermo¬ 
couple;  whereas  for  the  Ni-P  experiments,  no  concentrator  was  used  and  a 
chrome 1-alumel  thermocouple  was  employed  to  measure  temperatures.  The  thermo¬ 
couples  were  calibrated  in  the  manner  described  previously  (1).  Channel- 
orifice  effusion  cells  were  machined  from  graphite  rod,  and  the  cells  employed 
in  the  Cr-P  experiments  were  fitted  with  a  tantalum  liner  to  prevent  the 
phosphide  samples  from  coming  into  direct  contact  with  the  graphite.  The 
effective  orifice  areas  for  the  Ni-P  experiments  were  obtained  by  direct 
measurement  and  the  raw  mass-loss  data  were  corrected  for  non-orifice  effusion 
as  described  earlier  (1).  Effective  orifice  areas  for  the  Cr-P  experiments 
were  obtained  by  calibration  based  on  published  vapor  pressure  data  for  KC1 
(6). 

Knudsen  Cell-Mass  Spectrometry 

One  set  of  KCMS  experiments  on  the  V-Si  system  was  performed  at  the  Los 
Alamos  National  Laboratory  (LAND  in  collaboration  with  Dr.  E.  K.  Storms.  The 
LANL  instrument  consists  of  a  60°  sector,  single  focusing,  magnetic  deflection 
mass  spectrometer  combined  with  a  Knudsen  ceil.  Although  this  instrument  is 
similar  to  the  design  pioneered  by  Chupka  and  Inghrim  (7),  it  has  i  number  of 


unique  features  which  make  it  particularly  well  suited  for  the  direct  determi¬ 
nation  of  thermodynamic  activities  at  high  temperatures.  The  instrument  is 
described  in  a  recent  paper  (8)  and  references  contained  therein.  Experimen¬ 
tal  procedures  paralleled  closely  those  described  below  for  KCMS  measurements 
made  at  SUNY-Binghamton.  The  range  of  compositions  studied  was  from  18  to  70 
atomic  percent  silicon. 

The  other  set  of  KCMS  experiments  on  the  V-Si  system  and  the  bulk  of  such 
experiments  on  the  Cr-Si  system,  as  well  as  the  experiments  on  the  Ti-Si 
system,  were  carried  out  at  SUNY-Binghamton  on  a  90°  sector,  single  focusing, 
high  resolution  mass  spectrometer  manufactured  by  Nuclide  Corporation.  A 
block  diagram  of  the  data  acquisition  and  control  system  is  given  in  Figure  1. 
The  sample  was  placed  in  a  tungsten  metal  cup  within  a  tungsten  metal  effusion 
cell  which  was  heated  by  radiation  from  a  tungsten  helix  resistance  heating 
element.  The  entire  furnace  assembly  was  surrounded  by  tungsten  and  tantalum 
radiation  shields  within  a  water  cooled  vacuum  enclosure.  Temperatures  were 
measured  with  a  tungsten-rhenium  thermocouple  inserted  into  the  base  of  the 
effusion  cell;  the  thermocouple  was  calibrated  by  means  of  an  optical  pyrome¬ 
ter  sighted  through  the  orifice  into  the  interior  of  the  effusion  cell.  The 
design  of  the  mass  spectrometer  was  such  that  the  molecular  beam  from  the 
effusion  cell,  the  path  of  the  ionizing  electrons,  and  the  ion  beam  were  all 
mutually  perpendicular.  Silicon  signals  were  obtained  with  ionizing  electron 
energies  of  12.5  eV  in  order  to  minimize  the  effects  of  the  mass  28  back¬ 
ground.  The  resolution  of  the  instrument  was  such  that,  at  this  electron 
energy,  the  silicon  peak  at  mass  28  was  effectively  separated  from  the  carbon 
monoxide/nitrogen  peak  as  shown  in  Figure  2.  An  ionizing  energy  of  30.0  eV  was 
used  for  the  metal  data.  Ion  currents  as  a  function  of  temperature  were 
obtained  for  both  metal  (V,  mass  51;  Cr,  mass  52;  Ti,  mass  43)  and  silicon, 


mass  28.  The  range  of  compositions  studied  was  from  10  to  37  atom  percent 
silicon  for  the  V-Si  system,  14-88  a/o  for  the  Cr-Si  system,  and  41-83  a/o  for 
che  Ti-Si  system.  Immediately  before  or  after  measuring  the  metal  or  silicon 
ion  intensities  over  a  silicide  sample,  a  sample  of  elemental  metal  or  silicon 
was  placed  in  the  Knudsen  cell,  and  ion  intensities  were  recorded  as  a  func¬ 
tion  of  temperature.  Thermodynamic  activities  were  calculated  by  comparison  to 
the  elements  as  described  below.  It  should  be  noted  that  the  same  Knudsen 
cell  was  used  in  experiments  for  both  the  silicides  and  the  elements,  but 
different  tungsten  cups  were  used  for  the  respective  metal,  silicon,  or  sili¬ 
cide  samples. 

Some  of  the  experiments  on  the  Cr-Si  system  were  performed  in  collabora¬ 
tion  with  Dr.  M.  A.  Frisch  at  the  Thomas  J.  Watson  Research  Center  of  IBM 
Corporation.  The  instrument  used  for  these  studies  was  a  quadrupole  instru¬ 
ment  manufactured  by  Extranuclear  Corporation  which  was  fitted  with  a  vacuum 
furnace  and  Knudsen  cell  assembly.  The  cell  orifice  was  located  on  the  upper 
cylindrical  wall  of  the  cell  used  in  these  experiments  whereas  in  all  other 
experiements  it  was  located  in  the  top  center  of  the  cell  lid.  The  sample  was 
placed  in  a  tungsten  metal  cup  which  was  positioned  in  a  tungsten  Knudsen 
cell.  The  cell  was  heated  by  means  of  a  tungsten  mesh  resistance  furnace 
surrounded  by  a  tungsten  and  tantalum  radiation  shield  assembly.  Again,  the 
entire  shield  and  furnace  assembly  was  contained  within  a  water  cooled  vacuum 
enclosure.  The  temperature  was  measured  with  a  tungsten-rhenium  thermocouple 
inserted  into  the  base  of  the  Knudsen  cell.  The  calibration  of  the  thermo¬ 
couple  was  checked  periodically  against  the  melting  point  of  a  gold  standard. 
As  with  the  magnetic  sector  instrument  at  SUNY-Binghamton,  the  molecular, 
electron,  and  ion  beams  were  mutually  perpendicular.  Again,  to  minimize  the 
effect  of  mass  28  background  the  silicon  signals  were  obtained  with  ionizing 


electron  energies  of  12.5  eV.  Since  the  chromium  and  silicon  were  measured 
within  the  same  mass  spectral  run  an  ionizing  energy  of  12.5  eV  was  also  used 
to  obtain  the  chromium  signal. 

Extended  Heating  Experiaents 

In  another  group  of  experiments,  samples  in  open  tungsten  cups  were 
heated  for  extended  periods  either  in  an  induction  vacuum  furnace  (Cr-Si 
system)  or  in  the  mass  spectrometer  furnace  (V-Si  system)  to  examine  composi¬ 
tional  changes  induced  by  vaporization.  For  the  Cr-Si  system  the  temperature 
range  was  1 648—1 663K  and  heating  times  were  30-40  hours,  whereas  for  the  V-Si 
system  heating  times  ranged  from  120  hours  at  1900K  to  12  hours  at  2 100K. 
Compositional  changes  were  determined  by  chemical  analysis  and  confirmed  by  X- 
ray  diffraction. 

RESULTS 

Nickel  Phosphides  (2,9) 

The  nickel-phosphorus  phase  diagram  has  been  well  established  in  the 
definitive  work  of  Lars3on(10),  but  published  data  did  not  permit  a  complete 
working  out  of  the  thermodynamics  of  the  system.  Weibke  and  Schrag  (11) 
measured  directly  the  heat  of  reaction  of  nickel  and  phosphorus  at  about 
630°C,  but  their  studies  were  limited  to  metal-rich  compositions.  Biltz  and 
weimbrecht  (12)  measured  dissociation  pressures  of  phosphorus  over  phosphorus- 
rich  samples,  but  the  static  method  they  employed  did  not  allow  an  overlap  in 
composition  with  the  calorimetric  study  (11).  The  present  study  was 
initiated  to  bridge  the  gap. 

The  compositions  of  the  intermediate  phases  and  their  temperature  ranges 
of  stability  were  taken  from  Larsson's  study  (10);  the  phase  diagram  is  given 
in  Figure  3.  In  terms  of  this  diagram,  the  reactions  studied  by  Weibke  and 


Schrag  (11)  are: 
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3  Ni(s)  +  P(s,red)  =  Ni^PCs)  [1] 

2.55  Ni  (s)  +  P(s ,red)  =  Ni2>55P  [2] 

Similarly,  the  reactions  studied  by  Biltz  and  Heimbrecht  (12)  are: 

4  NiP3(s)  -  4  NiP2(s)  +  P4(g)  [31 

10/3  NiP2(s)  =  2/3  Ni5P4(s)  +  P4(g)  [4] 

8/3  Ni5P4(s)  -  20/3  Ni2P(s)  +  P4(g)  [5] 

The  effusion  study  reported  here  considered  the  reactions: 

12  Ni2P(s)  =  2  Ni12P5(s)  +  P2(g)  [6] 

6.8  Ni12P5(s)  =  32  Ni2i55P(s)  +  P2(g)  [7] 

which  provide  a  link  between  the  two  previous  studies. 


The  primary  data  were  the  temperature,  corrected  for  thermocouple  cali¬ 
bration,  and  the  rate  of  mass  loss,  corrected  for  non-orifice  effusion  (1) 
(less  than  20%),  obtained  from  the  recording  vacuum  balance.  Detailed  results 
of  measurements  for  reactions  [6]  and  [7]  have  been  published  (9).  Vaporiza¬ 
tion  was  found  to  be  severely  retarded  and  was  greatly  complicated  by  sinter¬ 
ing  of  the  samples.  The  former  problem  was  solved  by  using  long  channel 
orifices  to  achieve  equilibrium,  and,  in  dealing  with  the  second,  the  samples 
were  removed  after  every  second  or  third  pressure  determination  for  regrind¬ 
ing.  These  necessary  measures  had  the  effect  of  making  it  very  difficult  to 
detect  subtle  changes  in  rate  of  mass  loss,  and  hence  of  non-equilibrium 
effects,  in  the  low  end  of  the  temperature  range. 

Pressures  of  P2  were  calculated,  assuming  P2  and  P4  to  be  in  equilibrium 
in  the  vapor,  by  means  of  the  modification  of  the  effusion  equation  derived 
earlier  (1): 

k  rr  8m  /nRTy'Y1'  ,1 

P(P*)=  wit i1  +  HKhr)  J  -'1 

K  rr  Cm/TV’f  A  ^8] 

2V2  IL1  +  aK  \  M  )  ]  *) 


where  K  is  the  equilibrium  constant  (13)  for  P4(g)  =  2  P2(g)  and  M  is  the 


molecular  weight  of  P2.  When  P(P2)  is  given  in  atmospheres,  m  the  rate  of 
mass  loss)  in  mg/min,  T  as  Kelvin  temperature,  and  a  (the  effective  orifice 
area)  in  cm2,  the  constant  is  C  =  2.127  x  10“^.  Since  the  calculated  press¬ 
ures  did  not  show  any  apparent  variation  with  effective  orifice  area,  all  the 
data  were  assumed  to  represent  equilibrium  conditions.  Inasmuch  as  there  were 
no  entropy  nor  heat  capacity  data  in  the  literature,  these  were  estimated  (1). 
In  addition,  the  entropy  of  NiP  was  adjusted  upward  by  5%  from  the  original 
estimate  in  order  to  obtain  results  consistent  with  the  phase  diagram.  These 
estimated  data  have  been  reported  elsewhere  (9).  Free  energies  and  enthalpies 
of  reaction  (298.1 5K)  were  calculated  by  the  third-law  method  for  the  results 
described  here  as  well  as  for  the  data  reported  by  Biltz  and  Heimbrecht  (12). 
These  data  and  results  of  Weibke  and  Sehrag  (11),  all  corrected  to  298.15  K, 
have  been  published,  together  with  data  deduced  from  the  phase  diagram  (9). 

The  appropriate  combinations  of  the  enthalpies  of  reaction  with  the  enthalpies 
of  formation  (13): 

2  P( s ,red)  »  P2(g)  [9] 

4  P(s,red)  =  84(g)  [10J 

yield  enthalpies  of  formation  (298.1 5K): 
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which  are  tabulated  in  Table  1.  The  enthalpies  of  formation  of  NiP  and 


Ni 


1.22 


P  were  deduced  from  data  in  Table  1  and  the  requirements  of  the  phase 


diagram  (10).  Inasmuch  as  NiP(s)  is  formed  spontaneously  from  NigP4  and  NiP2 
above  (but  not  below)  about  850°C  (1123K),  its  formation  from  these  compounds: 

1/6  Ni5P4(s)  +  1/6  NiP2(s)  =  NiP(s)  [18] 

must  proceed  with  positive  changes  in  both  enthalpy  and  entropy  at  that 
temperature,  and  AH-jg  =  TAS^  g  at  1123K.  This  constraint  leads  to  the 
enthalpy  of  formation  for  NiP(s)  given  in  Table  1.  Similarly,  according  to  the 
phase  diagram  (10),  N i ^  22 P  is  stable  with  respect  to  NigP4  and  NiP9  only 
between  about  770°C  (1043K)  and  825°C  (1098k).  This  requires  not  only  that, 
for  its  formation  from  these  compounds: 

0.24  Ni5P4(s)  +  0.02  NiP2(s)  =  Ni1>22P(s)  [19] 

AH^  g  »  TAS^  g  at  both  these  temperatures,  but  also  that  both  AH-,  g  and  AS1  g  be 
positive  at  the  lower  temprature  and  negative  at  the  higher  temperature. 

These  constraints  lead  to  the  enthalpy  of  formation  given  in  Tables  1. 

Chromium  Phosphides  (14) 

Phase  relations  in  the  chromium- phosphor us  system  have  been  reviewed  by 
Hansen  (15),  Elliott  (16),  and  Shunk  (17).  Well-established  compounds  are 
Cr^P,  CrP,  and  CrP2  which  appear  to  have  narrow  ranges  of  homogeneity. 

Baurecht  and  coworkers  (18)  have  shown  that  the  compound  previously  reported 
as  "Cr2P"  is  in  fact  Cr12P^  with  a  slight  range  of  homogeneity.  The  only 
published  stability  data  were  reported  by  Faller  and  Biltz  (19)  who  employed  a 
static  vapor  pressure  method  to  study  the  dissociation  of  CrP2(s)  to  CrP(s) 
and  P4(g). 

Three  uni  variant  composition  regions  were  studied  by  mass- loss  effusion. 
A3  established  by  X-ray  powder  diffraction,  these  were  CrP-Cr^Py,  Cr12Py- 
Cr^P,  and  Cr^P-Cr.  The  vaporization  reactions  are  inhibited,  and  equilibrium 
was  demonstrated  only  for  effective  orifice  areas  of  2.39  x  10_i<  cm2  and 
smaller.  The  results  from  the  equilibrium  runs  for  the  respective  two-phase 

1  3 


regions  have  been  published  (13)-  Pressures  were  calculated  by  equation  [8] 
from  the  temperature  and  rates  of  mass  loss.  Inasmuch  as  there  are  neither 
heat  capacity  nor  entropy  data  for  chromium  phosphides  in  the  literature, 
these  were  estimated  (13),  and  enthalpies  of  dissociation  at  298.15K  were 
calculated  by  third-law  methods.  The  enthalpy  changes  (298.1  5K)  for  the 


dissociation  reactions: 

24/ 5  CrP(s)  =»  2/5  Cr^Pj  *  P,(g)  [20] 

2/3  Cr12 P?  =  8/3  Cr3P  +  P2(g)  [21] 

2  Cr3P(s)  =  6  Cr (s )  +  P2(g)  [22] 

were  used  to  calculate  enthalpies  of  formation: 

AH23  -  AHf(Cr3P)  -  1/2  AHg  -  1/2  AH22  [23] 

AH 2i)  -  AHf(Cr,2P7)  «  3/2  AHg  *  4  AH23  -  3/2  AH2,  [24] 

AH25  »  AHf(CrP)  »  5/24  AHg  +1/12  AH24  -  5/24  AH2Q  [25] 


These  stability  data  are  tabulated  in  Table  2.  The  data  for  CrP2  are  based  on 
the  measurements  of  Faller  and  Biltz  (19). 

Vanadiua  Sllicldes  (3.8) 

Sevrral  reviews  of  the  vanadium-silicon  system  have  appeared  in  the 
literature  (15,16,17,20,21).  Although  VSi2,  Vc;Si3,  and  V3Si  are  well 
established,  there  are  several  matters  on  which  there  is  less  agreement.  For 
example,  Hansen  (15)  3hows  a  wide  range  of  homogeneity  for  VSi2,  but  Smith 
(20)  reports  a  negligible  range.  Conversely,  Hansen's  phase  diagram  presents 
V3$i  as  a  "line"  compound,  whereas  Smith's  shows  a  range  of  homogeneity.  In 

addition,  Smith’s  diagram  includes  V^Si^,  but  Hansen's  does  not.  Chart 
(21,22),  Freund  and  Spear  (23),  and  Smith  (20)  have  critically  reviewed 
published  thermochemical  data  for  the  V-Si  system.  These  data  were  obtained 
by  combustion  calorimetry  (24),  direct  reaction  calorimetry  (25,26),  and  EMF 
measurements  (27,28,29).  Considerations  of  both  binary  (21,22)  and  ternary 


* 


(23)  phase  diagrams  were  included  in  the  assessments  cited.  The  EMF  data 
appeared  to  be  most  reliable.  The  heat  capacity  and  entropy  data  needed  to 
compare  results  obtained  at  different  temperatures  were  also  reviewed  (20-23), 
and  missing  data  were  estimated  (20).  The  present  work  was  directed  toward  a 
determination  of  activities  as  a  function  of  composition  so  as  to  deduce  phase 
boundaries  at  high  temperatures  as  well  as  to  evaluate  free  energies  and 
enthalpies  of  phase  formation.  Included  in  the  study  was  the  question  of  the 
stability  of  VgSi^. 

Thermodynamic  activities  relative  to  the  pure  solid  elements  were  ob¬ 
tained  as  follows.  The  partial  pressure  of  a  species  in  a  Knudsen  cell-mass 
spectrometry  experiment  is  proportional  to  IT,  where  I  is  the  ion  current  due 
to  that  species  and  T  is  the  temperature  of  the  effusing  vapor.  Hence  the 
thermodynamic  activity  of  a  species  in  the  sample  is  given  by  a  *  1/1°,  where 
I  is  measured  for  the  element  above  the  sample  and  1°  is  measured  above  the 
pure,  element  under  the  same  experimental  conditions  of  temperature,  orifice 
area,  and  electron  energy  (8).  Although  I  and  1°  are  measured  in  different 
experiments,  the  mass  spectrometer  is  sufficiently  stable  that  reproducible 
results  are  obtained.  In  practice,  activities  at  a  given  temperature  were 
calculated  from  slopes  and  intercepts  of  log  IT  and  log  I°T  vs  1 /T  plots: 

log  aj_  -  (Ai  -  A^/T  +  (Bi  -  B^)  [26] 

where  A^  and  A^0  are  the  slopes  and  B^  and  B.°  are  the  intercepts  of  log  IT  v_s 
1 /T  plots  for  the  sample  and  pure  element  respectively. 

The  activities  evaluated  at  1 650K  were  used  to  calculate  the  free  ener¬ 
gies  of  formation  of  the  respective  vanadium  silicides. 

(i-x)v(s)  +  xSi(s)  =  v,  siv(s)  It:] 


where  x  is  the  atom  fraction  of  Si  in  the  respective  solid  compound.  The 


geometric  mean  (average  of  log  a)  was  used  for  the  activity  in  the  each  two- 
phase  region.  Entropy  and  heat  capacity  data  for  the  silicides  cited  or  esti¬ 
mated  by  Smith  (20)  were  used,  together  with  Smith's  data  (30)  for  V  and  data 
from  the  JANAF  Tables  (6),  to  calculate  AH^.,  298. 1  5/R  from  the  free  energy  of 
formation  data  at  1 650K. 

Scans  with  the  mass  spectrometer  established  that,  at  the  level  of 
detectability  of  the  instrument,  there  were  no  gaseous  vanadium-silicon 
species  in  the  temperature  range  of  the  experiments.  Typical  data  are  shown  in 
Figure  4.  Activities  as  a  function  of  composition  at  1 650K  are  shown  in  Figure 
5.  In  the  work  at  SUN Y-Binghamton  the  vanadium  activity  in  the  V^Si^-V^Si  two- 
phase  region  was  found  to  be  somewhat  greater  than  was  observed  at  LANL.  In 
addition,  at  SUN Y-Binghamton  the  variation  of  the  logarithm  of  the  vanadium 
activity  with  atom  fraction  silicon  across  the  V^Si  single-phase  region  was 
found  to  be  approximately  linear;  this  permits  a  much  more  precise  and 
unambiguous  determination  of  the  homogeneity  range  which  was  found  to  extend 
from  17.5  to  25.5  atom  percent  silicon  at  1800K  as  shown  in  Figure  6.  Thermo¬ 
dynamic  stability  data  calculated  from  the  experimental  results  are  given  in 
Table  3.  Agreement  between  the  LANL  and  SUN Y-Binghamton  data  is  quite  good. 

The  results  of  the  extended  heating  experiments  are  shown  in  Figure  7. 

The  arrows  give  the  direction  and  extent  of  composition  change  during  heating; 
the  figures  over  the  arrow  are  the  mass  loss  and  the  initial  sample  mass  in 
milligrams.  The  temperature  uncertainty  is  tl  0-20K.  Compositions  of  samples 


heated  at  about  1  900K  and  below  move  past  V  ^ :  >  i  3  toward  trie 
region.  Above  C000K,  impositions  move  through  the  V.Si  si 
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toward  V^Si^. 

Chromium  sil  icicles  (*0 

The  early  work  on  the  chromium-silicon  system  has  been  reviewed  by  Chart 
(31).  The  species  identified  (32)  in  the  chromium-silicon  system  are  Cr^Si 
(which  exhibits  a  significant  range  of  homogeneity),  Cr^Si^,  CrSi,  and  CrSi2 
(which  also  exhibits  a  homogeneity  range).  Previous  investigations  have 
included  combustion  calorimetry  (33),  EMF  studies  using  a  fused  salt  electro¬ 
lyte  (31*),  effusion  vapor  pressure  experiments  on  the  liquid  in  the  silicon- 
rich  part  of  the  system  (35)  and  effusion  studies  of  the  decomposition  (36)  of 
Cr^SKs).  More  recently  (30,  the  reaction  between  the  respective  silicides 
and  Si02(s)  giving  SiO(g)  was  also  studied  by  the  effusion  method.  None  of 
these  vapor  pressure  studies  used  mass  spectrometry  to  confirm  the  presumed 
composition  of  the  vapor.  Furthermore,  the  several  published  results  do  not 
show  very  good  agreement.  Hence  a  mass  spectrometric  investigation  of  the 
system  was  undertaken  to  attempt  resolution  of  these  problems. 

Treatment  of  experimental  data  paralled  that  given  above.  A  plot  of  log 
activity  as  &  function  of  composition  at  1500K  is  given  in  Figure  8.  Free 
energy  functions,  <t>'  »  -(G0^  -  H°2gg  j^/T,  were  evaluated  from  published 
thermodynamic  data.  Details  have  been  published  (4).  Thermodynamic  data  for 
elemental  silicon  (6)  and  chromium  (37)  were  taken  from  the  JANAF  Tables.  The 
free  energy  and  enthalpy  of  formation  results  are  given  in  Table  4.  The  data 
published  by  Chart  (30)  are  included  for  comparison;  agreement  is  acceptable. 

For  the  samples  heated  in  vacuum  for  extended  periods  it  was  found  that 
samples  richer  in  Cr  than  CrSi2  lost  Cr  pref erent i a  1 1  y,  and  the  samples  richer 
in  Si  than  CrSi2  lost  Si  preferentially.  Hence  the  samples  move  toward  a 
congruently  vaporizing  composition  within  the  CrSi2  single-phase  region. 

The  extent  of  honogeneith  of  the  Cr^Si  and  CrSi.,  phases  is  still  under 


investigation.  Figure  9  gives  the  results  of  a  study  of  precision  lattice 
constants  of  rapidly  cooled  samples  whose  compositions  span  the  Cr^Si  single 
phase  region.  The  homogeneity  range  is  approximately  18-26  a/o  Si. 

Titanium  Silicides 

The  most  recent  version  of  the  titanium-silicon  phase  diagram  is  reported 
by  Svechnikov  and  coworkers  (38).  It  is  based  on  thermal  analysis,  microstruc¬ 
tures,  and  X-ray  powder  diffraction.  ■  The  compounds  in  the  system  are  Ti^  Si, 
Ti^Si^  which  exhibits  a  range  of  homogeneity,  Ti^Si^,  TiSi,  and  TiSi2.  The 
enthalpy  of  atomization  of  TiSi,  based  on  data  in  the  literature  (39,40),  is 
higher  than  would  be  expected  on  the  basis  of  the  number  of  bonding  electrons, 
and  thus  it  deserves  attention  since  a  significant  degree  of  charge  transfer, 
Ti  to  Si,  would  not  be  expected.  The  accepted  value  for  the  enthalpy  of 
formation  of  TiSi  (41)  is  based  on  the  study  of  high  temperature  solid-state 
reactions  by  Brewer  and  Krikorian  (39)  and  the  direct  reaction  calorimetry  of 
Robins  and  Jenkins  (40).  The  only  study  of  the  thermodynamic  stabilities  of 
titanium  silicides  which  has  appeared  more  recently  is  one  which  involved 
measuring  the  thermodynamics  of  the  simultaneous  reduction  of  titanium  and 
silicon  tetrachlorides  with  sodium  metal  at  650°  (42).  The  resulting  enthal¬ 
pies  of  formation  appear  to  be  significantly  greater  than  those  reported 
earlier.  Since  a  reliable  value  of  the  enthalpy  of  formation  of  TiSi  is 
needed  in  the  assessment  of  trends  (particularly  as  TiSi  appears  to  be 
pivotal),  as  well  as  for  practical  applications,  we  have  initiated  a  study  of 
this  system. 

Difficulties  were  experienced  in  demonstrating  the  presence  of  Ti^Si4  in 
some  of  the  samples  in  which  it  was  expected  to  be  present.  Although  X-ray 
diffraction  peaks  were  observed  for  an  apparent  intermediate  phase  between 
Ti^Si^  and  TiSi,  the  diffraction  pattern  did  not  correspond  to  that  cal:-uiited 
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from  published  crystal lographic  data  (43).  Activities  as  a  function  of 
composition  are  shown  in  Figure  1 0.  Even  though  the  now  familiar  "stair-step1 


plot  is  obtained  and  there  is  support  for  a  phase  between  Ti^Si-^  and  TiSi, 
there  are  some  obvious  problems.  The  scatter  in  the  data  is  significantly 
greater  than  was  observed  for  the  Cr-Si  and  V-Si  systems.  These  measurements 
on  titanium  sillcides  were  being  made  during  the  same  time  period,  on  the  same 
instrument,  and  by  means  of  the  same  techniques  a3  for  measurements  on  the  Cr- 
Si  system.  Hence  the  problems  appear  to  be  in  the  chemistry  rather  than  in 
the  measurements.  The  tentative  experimental  data  were  used  to  calculate 


thermodynamic  stabilities  in  the  manner  described  above.  There  are  no  absolute 
entropy  data  for  the  titaniur*  silicides  in  the  literature,  and  these  were 
estimated  in  comparison  with  other  transition  metal  silicide  systems  for  which 
entropies  are  known.  Heat  capacity  functions  were  estimated  as  being  additive 


of  the  elements.  The  resulting  free  energies  and  enthalpies  of  formation  are 
given  in  Table  5.  These  preliminary  results  are  in  reasonable  agreement  with 


published  data  from  direct  reaction  calorimetry.  However,  additional  work 
must  be  done  on  this  system  to  remove  ambiguities. 


DISCUS5I0H 


Congruent  Vaporization 

Vaporization  behavior  in  the  vanadi um-ri ch  portion  of  the  V -3 i  system  may 


be  understood  in  terms  of  the  schematic  pressure  v_s  composition  liagrams  shewn 
in  Figure  11.  The  use  of  P-X  diagrams  to  interpret  vaporization  be-iavior 
been  discussed  by  Gilles  (44)  among  others.  We  conclude  that  at  ’903K  aril 
below  congruently  vaporizing  compositions  (the  specific  composition  will 


depend  on  temperature)  will  be  found  within  the  V^Si  single-phase  region  is 
shown  in  Figure  11a.  This  conclusion  is  baaed  >n  ‘h-  c.>ns.  3-'-  it. :  ors:  >  '  r- 

com posit  ion  of  a  sample  richer  in  silicon  than  ..  moves  past,  t  :iat.  'imps: 
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tion  toward  VjSi  upon  extended  vaporization,  and  b)  partial  pressure  ratios 
(FSi/P  v),  calculated  from  the  thermodynamic  activity  for  compositions  more 
vanadium-rich  than  the  V^3i  3ingle-phase  region,  are  orders  of  magnitude  too 
low  for  congruent  vaporization  to  occur  in  this  composition  range.  We  term 
this  congruent  vaporization  convergent  since  the  composition  will  move  toward 
the  congruently  vaporizing  composition  upon  vaporizing  samples  of  either 
higher  or  lower  silicon  content.  For  temperatures  at  or  above  2000K  we  con¬ 
clude  that  V^Si^  will  be  congruently  vaporizing  (and  convergent;  as  shown  ;n 
Figure  tic.  This  conclusion  is  based  on  the  considerations:  a)  samples  richer 
in  vanadium  than  the  V^Si  single-phase  region  move  through  that  region  toward 
V^Sl^  upon  extended  vaporization,  and  b)  calculated  partial  pressure  ratios 
(PSl/Pv)  for  samples  more  silicon-rich  than  V^Si^  are  orders  of  magnitude  too 
high  for  congruent  vaporization  to  occur.  The  upper  temperature  limit  of 
these  calculations  is  the  incongruent  melting  temperature  of  V^Si^  at  about 
1 95 OK  (20).  This  limit  also  precluded  extended  vaporization  studies  above 
1950K  on  samples  more  rich  in  silicon  than  V^Sl^  3ince  molten  samples  attack 
the  tungsten  containers.  As  temperature  is  raised  from  1 900K  to  2000K  there 
must  be  a  continuous  transition  from  the  situation  described  by  Figure  t 1  a  to 
that  described  by  Figure  tic.  As  a  consequence,  there  must  be  an  intermediate 
range  of  temperatures  for  which  Figure  lib  applies.  In  this  range  both  V^Si 
and  V^Si^  contain  convergent  congruently  vaporizing  compositions,  and  there 
will  be  a  series  (with  compositions  depending  on  temperature)  of  local  maxima 
in  the  total  vapor  pressure  which  are  congruently  vaporizing  in  the  divergent 
sense.  We  propose  the  term  euatmot ic  (3k.  essy  vaporizing)  for  such  i  local 
maximum,  in  parallel  with  the  more  familiar  term  eutectic  (Ck.  easy  melting;. 

The  vaporization  char  act  eristi  cs  of  th-  V-2:  system  t-  ..'-cook  «r--> 
summarized  in  Figure  i  The  two  'u  rv>>s  ir.  *  ni  s  figure  hot  u  pi  >t.  *  *  -  (■ 


ratio  in  the  gas  phase  vs  the  XSi/Xy  ratio  in  the  condensed  phase.  Curve  I 
(the  "stair-step"  curve)  may  be  described  by  the  relation 

Xii/X$  *  PSi/PV  *  (aSiPSi)/(aVPV)  [29] 

where  experimentally  measured  a^  and  ay  data  and  literature  and  Py  data 
have  been  used  to  calculate  the  values  plotted  in  the  various  regions.  Curve 
II  is  described  by 

X§i/X$  ■  PSi/PV  *  ^|i/X^)(MSi/My)1/2  [30] 

which  is  the  relation  that  must  be  obeyed  if  a  sample  of  composition  X^  is  to 
vaporize  congruently  under  Knudsen  conditions.  Compositions  at  which  the  two 
plots  cross  are  congruently  vaporizing.  If  Si /V  for  the  vapor  is  constant  (two 
solid  phases)  the  intersection  is  the  euatmotic  composition,  whereas  if  Si /V 
for  the  vapor  is  not  constant  (one  solid  phase)  the  intersection  represents  a 
convergent  congruently  vaporizing  composition.  While  the  existence  of  a  single 
convergent  congruently  vaporizing  composition  Is  common,  systems  with  two  such 
compositions  are  relatively  rare;  known  examples  include  3cme  of  the  rare 
earth  metal-sulfur  systems  (45,46). 

The  existence  of  a  congruently  vaporizing  composition  within  a  metal- 
silicon  system  depends  upon  a  rough  matching  of  the  volatilities,  and  hence  of 
sublimation  enthalpies,  of  the  metal  and  silicon.  In  systems  for  wh.cn  the 
metal  has  a  very  low  sublimation  pressure  (such  as  Ta-Si  (47))  silicon  will  be 
lost  preferentially  at  all  compositions.  On  the  other  hand,  if  the  me"  il  is 
much  more  volatile  than  silicon  (as  in  the  Mn-Si  system  (46))',  it  will  be  lost 
pref er ent ia 1 1 y  at  all  compositions.  The  location  of  the  congruently  vaporizing 
composition  within  the  particular  metal-silicon  system  also  depends  jpon 
relative  volatilities.  Since  vanadium  is  I  css  v  o  1  at  i  1  e  *  han  s  :  1  ;  c  -.r., 
congruently  vaporizing  compositions  in  the  7 -Si  system  appear  :n  • 
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rich  portion.  However,  in  the  Cr-Si  system,  the  congruently  vaporizing  compo¬ 
sition  is  in  the  CrS^  single  phase  region  since  chromium  is  more  volatile 

than  silicon. 

Stability  Factors 

As  noted  above,  the  present  work  has  sought  to  identify  factors  which  are 
candidates  for  inclusion  in  a  phenomenological  model  for  cohesive  energy  of 
binary  compounds  of  the  transition  metals  with  p-block  elements.  Some  of  those 
factors  have  been  examined  in  relation  to  quantitative  correlation  of  the 
cohesive  energies  of  the  transition  metals  themselves,  while  a  more 
qualitative  assessment  was  made  for  transition  metal  silicides,  phosphides, 
and  sulfides.  The  factors  examined  are  a)  the  number  and  type  of  bonding 
electrons,  b)  effective  nuclear  charges,  c)  valence  state  energies,  d)  the 
degree  of  partial  electron  transfer  with  a  resulting  Madelung  energy,  and  e) 
contributions  from  Lewis  acid-base  interactions  involving  back-donation  of 
electrons. 

The  measure  measure  of  stability  chosen  was  enthalpy  of  atomization. 
However,  in  the  atomization  process  the  enthalpy  difference  being  considered 
is  that  between  the  atoms  in  the  compound  and  ground  state  atoms.  Thus  the 
enthalpy  of  atomization  includes  not  only  the  bond  enthalpy  but  also  an  energy 
term  for  relaxation  to  ground  state  atoms.  Hence  this  measure  of  stability 
may  not  exhibit  trends  which  can  be  interpreted  in  a  str aightforwar d  manner. 
See  Figure  13  which  also  includes  the  enthalpies  of  sublimation  of  the  respec¬ 
tive  metals.  In  all  three  MX  series  (X  =  Si,  P,  S)  the  atomization  enthalpies 
parallel  the  enthalpies  of  sublimation  from  Cr  to  Ni,  with  the  exception  of 
MnS.  However,  in  the  early  part  of  the  series,  ScP,  ScS,  TiSi,  and  TiS  are  all 
higher  than  expected  on  the  basis  of  parallel  behavior.  The  value  given  for 
"VSi"  is  a  calculated  one  based  on  data  for  V^Si^  since  VSi  has  not  been 
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reported. 


The  parallel  behavior  observed,  to  a  degree,  between  enthalpies  of  atomi¬ 
zation  of  1:1  compounds  and  enthalpies  of  sublimation  of  the  metals  suggests  a 
common  basis.  For  the  latter  an  explanation  was  proposed  by  Griffith  (49)  who 
showed  that  the  enthalpy  of  sublimation  may  be  viewed  as  the  difference  bet¬ 
ween  a  binding  enthalpy  and  a  valence  state  energy  (VSE).  The  former  is  a 
function  of  atomic  number,  and  the  latter  is  the  sum  of  a  promotion  energy,  P, 
to  the  lowest  term  of  the  valence  state  configuration,  which  is  presumed  in 
all  cases  to  be  dn-1s,  and  the  energy,  E,  necessary  to  uncouple  the  spins. 
Griffith  obtained  P  from  spectroscopic  tables  and  calculated  E  fi-om  the  appro¬ 
priate  Racah  parameters.  If  the  VSEs  are  added  to  the  respective  AHg  values, 
enthalpies  of  sublimation  to  hypothetical  valence  state  atoms,  AH*3,  are 
obtained,  and  these  are  plotted  as  designated  in  Figure  14.  There  is  in  this 
plot  a  single  maximum  at  Cr  which  has  the  greatest  number  of  bonding 
(unpaired)  electrons  in  the  hypothetical  valence  3tate.  Hence  the  element  with 
the  greatest  number  of  bonding  electrons  exhibits  the  greatest  cohesive 
enthalpy.  An  attempt  to  make  a  quantitative  correlation  proceeded  a3  follows. 
AH*3  was  assumed  to  be  a  function  of  the  number  of  bonding  electrons  per  atom. 
Inasmuch  as  electrons  of  different  angular  momenta  are  screened  differently  by 
the  core  electrons,  the  4s  and  3d  electrons  were  treated  separately.  A  treat¬ 
ment  employing  one  parameter  each  for  3d  and  4s  electrons  (multiplied  by  the 
effective  nuclear  charge)  gives  maximum  differences  between  experimental  and 
calculated  values  in  excess  of  20  kK.  However,  inclusion  of  a  constant  term 
for  the  3d  electrons  leads  to  a  maximum  difference  of  less  than  8kK  and  an 
average  difference  of  3.2  kK.  The  results,  as  shown  in  Figure  14,  are  satis¬ 
factory  in  illustrating  the  validity  of  the  approach. 

Enthalpies  of  atomization  of  1:1  compounds  to  valence  state  metal  atoms 


are  also  shown  in  Figure  14.  In  Figure  15  these  enthalpies  of  atomization  are 
plotted  as  a  function  of  the  number  of  valence  electrons  (metal  plus  p-block 
element).  These  results  lend  themselves  to  qualitative  interpretation.  For 
the  silicides  (CrSi  to  NiSi),  phosphides  (CrP  to  NiP),  and  sulfides  (CrS  to 
NiS,  except  for  MnS)  the  plots  show  a  regular  relationship  between  the  number 
of  bonding  electrons  and  the  atomization  enthalpy  to  (metal)  valence  state 
atoms.  Explanations  are  needed  for  enhancement  of  bond  strength  in  the  cases 
of  ScP,  ScS,  TiSi,  TiS,  and  MnS. 

An  experimental  basis  for  explaining  at  least  some  of  the  enhanced  bond 
strength  may  be  found  in  the  X-ray  photoelectron  spectra  studied  by  Franzen 
and  coworkers  (50).  Shifts  in  core- level  binding  energies  are  interpreted  as 
being  due  to  partial  electron  transfer.  The  high  value  of  atomization 
enthalpy  for  MnS  may  be  attributed  to  partial  ionic  character  as  evidenced  by 
shifts  in  the  ^P^/2  x_ray  photoelectron  spectrum.  There  is  similar  evidence 
that  TiSi  and  particularly  ScP  have  some  ionic  character.  None  of  these  shifts 
are  as  great  a3  for  Sc2S^.  and  hence  the  degree  of  ionicity  for  these  com¬ 
pounds  is  not  great.  The  core-level  X-ray  photoelectron  spectra  of  ScS  and 
TiS,  in  contrast  to  MnS,  ScP,  and  TiSi,  indicate  a  small  net  metal-to-su If ur 
electron  transfer.  This  is  a  puzzling  result  in  view  of  the  enhanced  bond 
strength  in  these  compounds.  Both  Sc  and  Ti  have  rather  extensive  unoccupied 
d-orbitals  and  S  has  lone  pairs,  the  unexpectedly  high  enthalpies  for  these 
compounds  may  be  due  to  Lewis  acid-base  interactions  involving  these  orbitals. 
Indeed  a  considerable  portion  of  the  enhancement  of  bond  strength  in  ScP  may 
also  be  due  to  such  interactions.  This  interpretation  is  in  accord  with  the 
results  of  band  structure  calculations  and  measurements  of  the  photoe 1 ect ron 
spectra  on  ScS1  carried  out  by  Franzen  and  coworkers  (51)  who  concluded 
that  the  bonding  in  this  compound  is  described  in  terms  of  a  covalent  bonding 


component:  nonmetal-metal  sigma-type  bonding  (S  2p  -  Sc  3d  e  )  within  the 

o 

valence  band  states  and  primarily  metal-metal  sigma  bonding  (Sc  3d  t?_  states) 
with  some  nonmetal-metal  pi-bonding  (S  2p  -  Sc  3d  t2g)  within  the  conduction 


band  states. 
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TABLE  1 

THERMODYNAMIC  STABILITIES  OF  NICKEL  PHOSPHIDES 
Enthalpies  of  Formation  (from  red  P)  at  298. 1 5K 


/4  Ni3P(s) 

-AHj./R 

5.94+0.5 

/3-55  Ni2_55P(s) 

6. 65+0.5 

/I  7  Ni12P5(s) 

7. 73±0. 5 

/3  Ni2P(s) 

6. 87±0. 5 

/9  Ni^P^Cs) 

6. 39±0. 5 

/2. 22  Ni1>22P(s) 

6.  32+0.5 

/2  NiP(s) 

6.09+0.5 

/3  NiP2(s) 

5. 38+0.5 

/4  NiP3(s) 

•  4. 52±0. 5 

Note:  Energy  data  are  given  in  rational  unit3;  values  in  other  units  may  be 
obtained  by  multiplying  by  the  appropriate  value  of  the  gas  constant  R. 


TABLE  2 

THERMODYNAMIC  STABILITIES  OF  CHROMIUM  PHOSPHIDES 
Enthalpies  of  Formation  (from  red  P)  at  298. 1  5K 


-AHf/R 


1/2  CrP(s) 

1/19  Cr12P7(s) 


1 /4  Cr^P( 3 ) 


1/3  CrP2(3) 


5.69+0. 18 
4.48+0. 32 
3.  1 3+0. 04 
^.8  +0.7  * 


*  Based  on  data  of  Faller  and  Biltz  (19) 
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TABLE  3 


THERMODYNAMIC  STABILITIES  OF  VANADIUM  SILICIDES 

-  AG2.,  1 650K/R  Source 

(kK) 

1/4  V3Si  3.63  Si  and  V  activities  (22  a/o  Si),  SUNY 

4.39  Si  and  V  activities  (24  a/o  Si),  SUNY 


4.35 

Si  and  V  activities,  V5Si3  +  V3Si  (32  a/o  Si),  SUNY 

4.40 

Si  (calc.)  and  V  activities,  V^S^  +  V,Si,  LANL 

1/8 

V5SL3 

5.49 

Si  and  V  activities,  V^Si3  +  V3Si  (32  a/o  Si),  SUNY 

5.47 

Si  (calc.)  and  V  activities,  V3Si  +  V^Sl^,  LANL 

1/11 

v6Si5 

5.25 

Si  and  V  activities,  V^Si^  +  VSi2,  LANL 

1/3 

VSi2 

4.25 

Si  and  V  activities,  V&Si5  +  VSi2,  LANL 

- 

AH2..298. 15/R 
(kK) 

1  /4 

V3  Si 

5.37+0.2 

Mean  value,  this  work,  SUNY 

5.40+0.2 

This  work,  LANL 

5.18 

Smith  (20) 

1/8 

V5Si3 

6.33±0.2 

This  work,  SUNY 

6.31  +0.2 

This  work,  LANL 

6.47 

Smith  (20) 

1  /1 1 

V6Si5 

5. 93tO. 2 

This  work,  LANL 

5.97 

Smith  (20) 

1/3 

vsi2 

4.90+0.2 

This  work,  LANL 

4.90 

Smith  (20) 
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TABLE  4 


THERMODYNAMIC  STABILITIES  OF  CHROMIUM  SILICIDES 


AGf,  1  500K/R 
(kK) 

Source 

1  /4 

Cr^Si 

3.39 

Si  and  Cr  activities. 

Cr  ^Si 

+  Cr5Si 

1/8 

Cr  ^Si ^ 

3.82 

Si  and  Cr  activities. 

Cr^Si 

+  Cr^Si 

3.32 

Si  and  Cr  activities. 

C  r^Si 3 

+  CrSi 

1  /2 

CrSi2 

3.55 

Si  and  Cr  activities, 

Cr  ^Si ^ 

+  CrSi 

3.68 

Si  and  Cr  activities, 

CrSi  + 

CrSi  2 

1/3 

CrSi2 

3.07 

Si  and  Cr  activities. 

CrSi  + 

CrSi2 

-  AHi, 298. 
(kK) 

1 5/R 

1  /4 

Cr3Si 

3.50+0.2 

This  work 

3.18 

Chart  (30 

1/8 

Cr  ^Si 3 

3. 46±0. 2 

Mean  value  this  work 

3.36 

Chart  ( 31 ) 

1  /2 

CrSi 

3. 20±0. 2 

Mean  value,  this  work 

3.30 

Chart  (30 

1/3 

CrSi2 

3. 36+0.2 

This  work 

3.21 


Chart  (30 


TABLE  5 


THERMODYNAMIC  STABILITIES  OF  TITANIUM  SILICIDES 
(Provisional) 


AGi,  1  550K/R 
(kK) 

Source 

1/8 

Ti5Si3 

7.54 

Si  and  Ti  activities,  Ti^Si^  +  Ti^Si^ 

1/9 

Ti5Si4 

7.48 

Si  and  Ti  activities,  Ti^Si^  +  Ti^Si4 

1  /2 

TiSi 

7.09 

Si  and  Ti  (calc.)  activities,  Ti^Si^  *  TiSi 

1/3 

TiSi2 

5.53 

Si  and  Ti  (calc.)  activities,  TiSi  +  TiSi2 

-  AH£,298. 
(kK) 

1 5/R 

1/8 

T i ^Si ^ 

7.  42 

This  work 

8.71 

Hultgren  (41) 

1  /9 

T  i  c^Si 

7.31 

This  work 

1 12 

TiSi 

7.37 

This  work 

7.80 

Hultgren  (41 ) 

1/3 

TiSi2 

5.68 

This  work 

5.39 


Hultgren  (41) 


FIGURE  CAPTIONS 


1.  Data  acquisition  and  control  system. 

2.  Instrument  resolution  and  electron  energy  at  mass  23. 

3.  Nickel-phosphorus  phase  diagram  (after  Larsson  (10)). 

Phases:  a.  Ni.P;  b,  Ni5P.  (d);  e,  Ni_2  55P;  d,  NI,  e,  Ni  P;  f,  Ni5Ph; 
g.  Ni_K22P;  n,  NiP;  i,  N  iPp ;  j,  NiP3.' 

4.  Typical  data:  Log  IT  vs  1  /T  for  sample  and  solid  element  standards. 

5.  Log  activity  vs  composition  for  vanadium-silicon  system  at  ’ 65GK: 

0  »  V,  X  «  Si.  Large  symbols,  GUN Y-Binghamton  (3);  small  symbols, 

LANL  (3). 

6.  Log  vanadium  activity  v_s  composition  near  V^Si  at  1800K:  Squares,  SUNY- 
Bingharnton  (3);  circles,  LANL  (8). 

7.  Extended  heating  experiments:  Arrows  indicate  direction  and  extent  of 
composition  change;  in  figures  over  each  arrow,  numerator  is  mass  loss 
(rag)  and  denominator  is  initial  mass  of  sample. 

8.  Log  activity  vs  composition  f or  chroml um-s i 1 i con  system  at  1  500K.  Squares, 
SUN Y-Binghamton:  open,  Cr;  filled,  Si.  Hexagons,  IBM:  filled,  Cr. 

9.  Homogeneity  range  of  Cr^Si 

10.  Log  activity  w_s  composition  for  titanium-silicon  system  at  1550K. 

11.  Pressure  vs  composition  (schematic). 

12.  Gas  phase  composition  ratio,  X^/Xy,  at  2000K:  I.  Observed;  II.  Calculated 
for  congruent  vaporization  under  effusion  conditions. 

13.  Enthalpies  of  atomization  to  ground  state  atoms. 

14.  Enthalpies  of  atomization  to  valence  state  metal  atoms. 

15.  Enthalpies  of  atomization  to  valence  state  atoms  as  a  function  of  viier.'v 

electron  count. 
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NTHALPIES  OF  ATOMIZATION 
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